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High-Throughput Prediction of Blood —Brain Partitioning: A Thermodynamic
Approach
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A high-throughput in silico screening tool for potentially CNS active compounds was developed on the
basis of the correlation of solvation free energies and btdwdin partitioning (I09€srair/Coiood = 109 BB)

data available from experimental sources. Utilizing a thermodynamic approach, solvation free energies were
calculated by the fast and efficient generalized Born/surface area continuum solvation model, which enabled
us to evaluate more than 10 compounds/min. Our training set involved a structurally diverse set of 55
compounds and yielded a function of log BB 0.0355,, + 0.2592 ¢ = 0.85, standard error 0.37).
Calculation of solvation free energies for 8700 CNS active compounds (CIPSLINE database) revealed that
Gson is higher than—50 kJ/mol for the 96% of these compounds which can be used as suitable criteria for
the identification of compounds preferable for CNS penetration.

1. INTRODUCTION tion of log BB data for a relatively small set of compounds,
calculation of molecular descriptors is often the speed-
limiting step. On the other hand, standard errors associated
with the calculation of descriptors are usually accumulated
when the derived function predicts log BB. Calculation of
the polar surface area (PSA) defined as the surface afea (A
occupied by nitrogen and oxygen atoms and polar hydrogens
connected to these heteroatoms represents a novel approach.
One of the first applications of this descriptor in QSPR was
published by Kansy et al., combining PSA with molecular
volumes to yield a function to calculate log BB in an
acceptable accuracy € 0.84,s = 0.45)12 On the basis of

the good experiment in the prediction of human intestinal
absorption published by Palm et &* PSA was declared

as a dominating determinant for oral absorption and brain
penetration. Calculating the dynamic polar surface area
(dPSA) from all low-energy conformations of a particular
compound, Kelder et al. gave an excellent correlation with

Analyzing the R&D activity of seven British pharma
companies, Prentis et al. concluded that 66% of the new
chemical entities (NCEs) were withdrawn between 1964 and
19851 Dropped investigational new drug (IND) applications
in the U.S. between 1964 and 1989 follow a similar trend;
only one in six NCEs nominated to IND status became a
marketed drugd.In addition to unproved efficiency, toxicity,
and adverse reactions detected in humans, Lin and Lu
demonstratetlthat inadequate pharmacokinetic properties
accounted for nearly 40% of the withdrawals of drugs from
development. Penetration over the bralfood barrier is one
of the most critical pharmacokinetic issues in the design of
CNS active drugs. Experimental methodology used for the
measurement of log BBX10g(Corair/Chiood), hOWeVer, is rather
complicated and time-consuming, which prevents its ap-
plication on the high-throughput scale. There is a clear trend
in computer-aided drug design (CADD) that well-established, _
fast, and efficient CADD tools should be on-desk available experimental log BB datar (= 0.91, F = 229): Th?‘
for bench medicinal chemists. On the other hand, combina-pmtocgl' however, includes an e;xtenswe conformat|or_1al
torial technologies also require high-throughput CADD 2analysis for each molecule, which clearly prevents its
techniques. Identified needs at our company active on theapphcanon in virtual high-throughput screening. This draw-

CNS field prompt us to develop fast and effective in silico Pack of the dPSA approach was overruled by Chrk,
screens for CNS active compourfds. demonstrating that static PSA in combination with CI&gP

Early predictions of log BB involved classical QSAR g;é?{;ﬁ)ﬁs\f\"?saﬁ ?fifli?: %riIB SE%E;’SWT]:HSEH:: =F>§2)Was
approaches using various physicochemical parameters Suc%ons'deredr( — 55 ?_ 0 842— 041F = 128 4)y and we
as the octanetwater partition coefficient (IlogPqcy),> mo- ' AR o W
lecular size descriptofs, and solvation parametets. A could not obtain any carrelation using ClogP alome=(

combination of molecular descriptors was used by Norinder 0.38). In our hands, there was a significant set of compounds
et al., predicting log BB using lipophilicity, polarity, polar- where QlogP could only be cglculatgd by large errors or the
izability, and hydrogen-bonding parameters and partial least- calculation was practically impossible. Although ClogP

squares (PLS) statistiéd Recently Luco demonstrated that parameters are available for many_fragmen_ts, breaking
topological and constitutional descriptors used in PLS molecules into smaller fragments requires considerable care,

correlate well with experimental log BB dataAlthough the' a((jjditivity doff'fraﬁ;mental cogﬂriputi;ms (;nay 26 diffigult |
the quantitative structureproperty relationship (QSPR) to judge, and finally stereochemical and conformationa

methodology was found to be useful in the accurate predic- issues are usyally not considered i_n fragmental approaqhes.
Recent situations can be summarized as we have a single

*To whom correspondence should be addressed. Phon@6-1- descriptor, dynamic PSA, WhiCh p?rforms well bUt SlOWIy_'
4314605. Fax:+36-1-2623008. E-mail: gy.keseru@richter.hu. On the other hand, there is a rapid method utilizing static
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PSA and ClogP with some limitations. All PSA-based atomi, g andg; are the charges on atorinandj, respectively,
approaches, however, suffer from a phenomenological ande is the dielectric constant of the surrounding medium.
problem: in spite of intuitive and speculative reasons, it is For the calculation of Born radii, we used the method
not clear why PSA seems to work. Looking for a single, evaluated by Still and co-worket$This analytical method
rapidly available, and physically meaningful descriptor, we uses a pairwise atom evaluation approach. The polarization
concluded that the thermodynamics of membrane penetrationenergy for atomi, where all atoms of the molecule are

should be considered. electrically neutral except faor which has a unit charge, and
where the surrounding medium has a high dielectric constant
2. MATERIALS AND METHODS (1 — 1/e ~ 1.0), is

2.1. Biological Data.Experimental log BB data for the

60 compounds used in the training set were taken from stu- _ Gpoli —166.0 stretetP,V

dies (Chart 1) reported by Young et'8(1-25), VanBelle ~ Cpoli =77~ = Tasp | . T

et al. 6 and27),'° Lin et al. 28—30),2° and Abraham et € Rawj to+P, T

al® (31-60in Table 1). The test set including 8700 CNS bendP,V;  nonbondedP,V;(CCF)
active compounds was extracted from the CIPSLINE data- z —+ Z — 3
base?! r. rt

ij i
whereGyq; = polarization energy of atory ¢ = dielectric
offset?? rj = distance between atomsndj, V; = volume

of atomj, Raw; = van der Waals radius of atom P; =
single-atom scaling factoR, = 1, 2 scaling factorP; = 1,

3 scaling factorP, = 1, =4 scaling factorPs = soft cutoff
parameter, and CCF is the close contact function for the 1,
>4 interaction, where

2.2. Calculation of Solvation Free Energies-or analysis
of available implicit solvation models regarding their speed
and accuracy? we chose the generalized Born/surface area
(GB/SA) continuum solvation model as a high-throughput-
scale solution for solvation free energy calculation. In a
comparative work, Edinger et Zldemonstrated that among
continuum solvation models the GB/SA model displays
qualitatively superior performance on reproducing accurate

solution of the PoissonBoltzmann equation. r 2
In the GB/SA model the solvation free energ@ys{y) can CCF=1.0 Iif + > =3
be approximated by the following equation: Riawi T Ruaw; 5
Gsolv Gcav+ GvdW + Gpol (1) otherwise
where Gy, is the solventsolvent cavity ter_mﬁvdw is the ccE={051.0-co ( L )2P575 ?
solute-solvent van der Waals term, aj, is the solute- Riawi T Riaw;

solvent electrostatic polarization term. _ N _
The G term can be approximated by the generalized —Assuming the same conditions concerning the charge on

Born equation: atomi and the dielectric constant of the medium, we can
compute the approximate Born radius from the simplified
Gig; Born equation:
Gool = —166.((1 - —)Zz, 1 — (2)
€li= 2+ o7 ™)>® o5 = —(—166.0G ) (5)
where o;j = (0iy)%® Dy = ri,-2/(2aij)2, rj is the distance We usedP,, P,, Ps, Ps, andPs parameters and OPES

between atoms andj, a; is the so-called Born radius of radii optimized previously® For the dielectric offset param-
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Table 1. ComputedGs,y and Calculated vs Experimental log BB
for Compounds 460

Gsolv calcd exptl
compd (kJ/mol) log BB log BB
1 —-26.75 —-0.73 -—1.42
2 —4.95 0.12 —-0.04
3 —-24.00 —-0.63 -—-2.00
4 —-2754 -0.76 -—1.06
5 —-15.78 —-0.31 0.11
6 6.92 0.58 0.49
7 12.51 0.80 0.83
8 —28.66 —0.81 -—-1.23
9 —33.03 —-0.98 -0.82
10 —22.73 —-058 -—-1.17
11 —26.58 —0.73 —2.15
12 —-38.02 -1.17 -0.67
13 —-34.05 -1.02 -0.66
14 —25.79 —-0.70 -—-0.12
15 —2.46 0.21 -0.18
16 -36.76 —1.12 -1.57
17 —-31.09 -0.90 -1.12
18 —20.55 —-0.49 -0.27
19 —-26.39 -0.72 -0.28
20 —-17.43 —-0.37 —0.46
21 —11.95 -0.16 —-0.24
22 5.69 0.53 —0.02
23 3.55 0.45 0.69
24 5.81 0.54 0.44
25 9.05 0.66 0.14
26 10.51 0.72 0.22
27 —21.63 —0.53 0.00
28 —25.90 —-0.70 -—-0.34
29 —-32.29 -0.95 -0.30
30 —-37.95 —-1.17 -1.34
31 —4450 —-1.43 -—-1.82
32 benzene 6.91 0.58 0.37
33 butanone —-15.19 -0.28 -0.08
34 diethyl ether 7.86 0.62 0.00
35 2,2-dimethylbutane 10.67 0.73 1.04
36 enflurane —13.54 -0.22 0.24
37 ethanol —-1.71 0.24 -0.16
38 fluroxene 0.86 0.34 0.13
39 heptane 11.08 0.74 0.81
40 hexane 10.22 0.71 0.80
41 isoflurane —6.08 0.07 0.42
42 methane 4.11 0.47 0.04
43 methylcyclopentane 8.38 0.64 0.93
44 3-methylhexane 11.31 0.75 0.90
45 2-methylpentane 10.59 0.72 0.97
46 3-methylpentane 10.34 0.71 1.01
47 2-methylpropanol 1.68 0.38 —0.17
48 pentane 9.37 0.67 0.76
49 propanol —0.90 0.27 -0.16
50 2-propanol 0.68 0.34 —-0.15
51 propanone —-16.24 -0.32 -0.15
52 teflurane —-16.83 —0.35 0.27
53 toluene 8.43 0.64 0.37
54 1,1,1-trichloroethane 2.28 0.40 0.40
55 trichloroethene —10.58 —0.10 0.34
56 1,1,1-trifluoro-2-chloroethane —11.66 —0.15 0.08
57 —-7.37 0.02 -1.15
58 —27.24 —-0.75 -—1.54
59 —-16.57 —-0.34 -1.30
60 —25.67 —0.69 -0.73

eter @), we used—0.09 as described in ref 24 for OPLS
parameters and water as solvent.
To calculate the solvation free energy from eq 1, one has

to consider the following approximation:

Gcav + GvdW = zak(SAk) (6)

where SA is the total solvent-accessible surface area of
atoms of typek and oy is an empirical atomic solvation pa-
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rameter. This approach can be applied because of the evi-
dence that the solvation free energy of saturated hydrocarbons
in water is linearly related to the solvent-accessible surface

area. We used 7.2 as the valueffor all atom types?

For the calculation of Sh we used the algorithm of Hasel

et al?” to calculate one atom’s surface with no overlap:

(7)

radius of atom,

§ = da(r, + )

whereS = surface area for atom r;
andrs = radius of a solvent molecule.

For one overlapping atom the excluded volume can be
written as

o r‘) ®)
I

by = a(r; +r(r +r; + 2rg — rij)(l +
j

wherer; is the distance between the two atoms. For multiple
overlaps the atomic surface with excluded volun®&g¥ ¢an
be written as

(9)
S

wherep; = parameter depending on the type of atom;
= parameter depending on the connectivity of ajdmatom
i, andN = number of atoms overlapping atomThe total
solvent-accessible surface can be evaluated by the following

equation:
N
SA= Zin
1=

Our program written in C programming language can
calculate the GB/SA solvation free energy on the basis of
the equations above. The source code was compiled by
MIPSpro Compilers, version 7.30, on an SGI machine and
by egcs-1.1.2 release on a PC under Linux.

2.3. Protocol for High-Throughput Computation of log
BB. To calculate the solvation free energy and predicted log
BB of molecules, we used the following protocol. We started
from a 2D MACCS file containing all molecules of interest.
First we used CONCORD v4.0 to produce a 3D MACCS
file. This file was imported into a SYBYL mdb database,
which was minimized by the built-in MAXIMIN2 according
to the following settings:

(10)

SETVAR TAILOR !MAXIMIN2!TERMINATION_OPTION GRADIENT
SETVAR TAILOR!MAXIMIN2 MINIMIZATION_METHOD CONJUGATE_GRADIENT
SETVAR TAILOR IMAXIMIN2!MAXIMUM_ITERATIONS 400
SETVAR TAILOR!MAXIMIN2!SIMPLEX_ITERATIONS 20

SETVAR TAILOR!MAXIMIN2!NON_BONDED_RESET 10

SETVAR TAILOR!MAXIMIN2!RMS_GRADIENT 0.050000

SETVAR TAILOR!FORCE_FIELD!FF_CHOICE TRIPOS

SETVAR TAILOR!FORCE_FIELD!PARAMETER_SET Tripos

SETVAR TAILOR!FORCE_FIELD!NON_BONDED_CUTOEFF 8.000000
SETVAR TAILOR!FORCE_FIELD!DIELECTRIC_CONSTANT 1.000000
SETVAR TAILOR!FORCE_FIELD!DIELECTRIC_FUNCTION distance

CHARGE COMPUTE GAST_HUCK
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Figure 1. Relationship between the calculated GB/SA solvation free en&gy,)(and the experimental log BB data obtained for the 55
compounds used in the training set.

Table 2. Comparison of Mean Absolute Errors of Prediction of Different log BB Prediction Methods Using Three Test Sets Published by
Picket et aP®

mean absolute errors of prediction

test set no. of compds Abrah@8m Lombarda® Norindef? Lucott RPRS® Richter/GSOLV
1° 7 0.30 NA NA 0.42 0.37 0.16
229 5 NA 0.41 0.52 0.29 0.24 0.14
3u 25 NA NA NA 0.43 0.50 0.37

aNA indicates that no results were presented for this set.

The resulting structures served as input into our GSOLV energy of desolution is the only exact way from a thermo-
program. The final results were placed into a tab delimited dynamic point of view. The free energy of desolution (the
text file which can be easily imported to a SYBYL negate of the solvation free ener@¥s.) can be calculated

spreadsheet to summarize the data. by several methods. Lombardo et al. calculated solvation free
energies in water for 55 molecules by AMSOL 5.0 using
3. RESULTS AND DISCUSSION the the AM1-SM2 solvation modé?. Although calculated

Gsoi Values correlate well with experimental log BB data (

= 0.82,s = 0.42), semiempirical calculations required for
each molecule made this approach very time-consuming.
Truhlar and co-workers recently published a faster model
fcalled OMNISOL® which allows the prediction of solvation
free energies about 2 orders of magnitudes faster than

The brain-blood barrier, an important element in the
regulation of the internal environment of the brain, is formed
at the level of endothelial cells of the cerebral capillaries.
Tight junctions between these cells as well as the lack of an
aqueous pathway between cells restricts the movement o

olar molecules across the cerebral endothefftimaddition ) ) .
fo specific transport mechanisms (P-glycoprotein- or recep- AMSOL, but stil ‘Q.’IOW enom_Jgh to apply in a wrtyal HTS
tor-mediated transport, peptide transporters, and other trans-prOtOCOI' Our previous studies on solvated proteins demon-

potystems such a3 GLUT-1, system L1 and system ASO) 1128 1€ fecveness of e GBI contiub soaon
passive diffusion is one of the most important ways to : 9 P

i i 4,33
penetrate across the barrier. Analyzing the brain uptake offm application$*=*of the GB/SA model prompted us to use

different drugs, it was concluded that activation energy is Lhr:zrgiggroa(:h for the rapid calculation of solvation free
required to pluck a molecule out of the aqueous phase and : .

into the lipid phase of the membraffd;e., molecules should b In thle framevi[/r(])rk ?f Te ??/StA mo_desow IS palctulgted
be desoluted before entering the brain. Desolution can _ygq ,v;/lller(e; e_l_egc rosta IIC (T"tn (Ijsgprt)rZOXImé; eGay
therefore be identified as the thermodynamic condition of (_S A)pothem '((: %a)v Siné(jewgsflggnab% foZmu(Iaats‘;c; de area
the penetration across the braiplood barrier. Since the q5).

hydrogen-bonding potential of a particular solute is in PSA= A (11)
correlation with the activation energy, application of hydrogen-
bonding descriptors in QSPR approaches is rationalized. PSA
is proportional to the hydrogen-bonding capacity, and whereA stands for the atomic surface area of atowith
therefore, it can be used as a measure of the activation energgxcluded volumes, neither an electrostatic contribution nor
required for membrane penetration. Although these ap- nonpolar interactions are considered in this approach.
proaches have some physical rationale, calculation of the freeFurthermore, the polar surface area calculated in PSA-based

i=0O,N,OH,NH
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Figure 2. Distribution of 8700 CNS active compounds (CIPSLINE) concerning the GB/SA solvation free energy.

Table 3. ComputedGs,y and Calculated vs Experimental log BB Chart 2
for the Test Set of Clafk SKF101468 SKF$9124 OH
Gsolv calcd exptl y )
compd (kd/mol) log BB log BB
Y-G14 —12.83 —0.19 —0.30
Y-G15 —15.97 —0.30 —0.06
Y-G16 ~23.12 ~0.55 ~0.42 NN NN
Y-G19 —17.98 —-0.37 —1.30 A e A aN
Y-G20 —12.83 —0.19 —1.40
SKF89124 —17.40 -0.35 -0.43 o S ¥-Gls N
SKF101468 0.88 0.29 0.25 _ L
pyridostigmine —298.48 -10.2 nd
2 Not detected in the brain.
N PN
predictions is the van der Waals surface of polar atoms and e §y o
attached hydrogens, while in GB/SA we calculate the solvent =N g7y
accessible surface instead. In conclusion, PSA contains =N
surface fragments which might have no impact on desolution, HoN
and therefore calculation of the SA term is highly preferred HoN
from a thermodynamic point of view. Although the van der v ridosignine o o
Waals surface of nonpolar atoms is omitted in PSA, Stenberg N/ I g < ) \l/
et al. demonstrated that consideration of the nonpolar part (0 N TAAN
of the surface made the correlation with experimental N |
membrane permeability significantly betféindicating this
term to be significant with respect to the penetration. In HoN

contrast to the original PSA approach, the solvent accessible
surface of nonpolar atoms is considered in the SA term of produces a text output file which is inserted into the
the GB/SA model. Most of the false positives identified by corresponding Sybyl spreadsheet (MSS) containing 3D
the PSA approach originate from the lack of the electrostatic structures.
term. SinceGpo i an important term iBsa, the calculation Calculated solvation free energies for the 60 compounds
of PSA is clearly not a thermodynamic approach. used in this study are presented in Table 1. Five outl@rs (
On the basis of original publications of Still et &:23we 11, 57-59) were removed to yield a training set of 55
developé a C code (GSOLV) for the rapid calculation of compounds. It is interesting to note ti&and11 were also
Gson. Calculations start from a 2D MACCS file which is  omitted by Abraham et af.L ombardo et af® and Clark®
converted to 3D MACCS using Concord. Resulting 3D Compound59 was identified as an outlier by Abraham et
structures are collected to a Sybyl database (MDB) and areal.®® Compounds2 and 9, structural analogues &7 and
minimized by MAXIMIN to yield an input for GSOLV. 58, were outliers in the analysis of Luco et*alSince we
Application of GSOLYV is limited by the atomic parameters predicted log BB for2 and 9 correctly but overestimated
currently availablé? The method can be used for C-, N-, experimental values &7 and58, this suggests the influence
O-, S-, H-, P-, F-, Cl, Br-, and I-containing organic of measurement uncertainties, active transporters, or meta-
molecules excluding organometallics and complexes. GSOLYV bolic factors. Other authors also rationalized these outliers
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Table 4. Compounds with Extremely Low log BB in the CIPSLINE Database

Prous code trade name company pharmacological activity CAS RN log BB
203872 Raplon Organon nondepolarizing neuromuscular blocker 156137-99-4-9.30
158972 Zemuron Organon neuromuscular blocker 119302-91-9 —9.62
090978 Norcuron Organon nondepolarizing muscle relaxant 050700-72-6—9.82
163663 Brezal Novartis cholinomimetic, treatment for age-associated cerebral 028319-77-9  —10.99

involutive syndrome
116556 Carnitor Glaxo Wellcome coadjuvant in the treatment of involutive syndrome in 005080-50-2  —11.64
cerebral vasculopathies
139676 Mivacron Glaxo Wellcome short-acting and nondepolarizing neuromuscular blocker 106861-44-31.62
136157 Nuromax Glaxo Wellcome neuromuscular blocker, a long-acting, nondepolarizingl06791-39-3  —22.25
relaxant
090979 Tracrium Glaxo Wellcome neuromuscular blocker 064228-81-5-24.33
080006 Pavulon Organon nondepolarizing muscle relaxant 015500-66-6-24.50
180917 Nimbex Glaxo Wellcome neuromuscular blocker 096946-42-8—24.60
090980 Arduan Gedeon Richter long-acting, nondepolarizing neuromuscular blocker 068399-57-35.32

due to nonaccounted metabolic effects and also to the factof different log BB prediction methods using three test3ets
that standard deviations of experimental log BB data might demonstrated that our GSOLV approach gave the best

be as large as the mean value (see, e.g., ref 34).
Correlating calculate®sq, With experimental log BB, we
obtained the following equation:

log BB = 0.0355,,, + 0.2592 (12)

solv

prediction on these sets. Furthermore, it should be noted that
GSOLV is as fast as the RPR cétland considers polariza-
tion notoriously neglected by others. Equation 12 was finally
evaluated on a test set used by ClarkTable 3). In
agreement with Abraham et &ind Clark!® we considered
Y-G19 and Y-G20 (Chart 2) as outliers and calculated the

(r = 0.85, standard error 0.37). The relationship between mean absolute error to be 0.12. Reasonable mean errors
experimental log BB values and those computed by eq 12 isobtained for all test sets suggest the predictive power of eq
depicted in Figure 1. The prediction power of eq 12 was 12 to be sufficient for virtual HTS purposes. The most
compared to those of other methods published in the literatureremarkable compound collected to the last test set (Table 3)
(Table 2). Comparison of mean absolute errors of predictionsis pyridostigmine, a reversible inhibitor of acetlylcholinest-
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erase used during the Persian Gulf War as prophylaxis against (4) KesefuG. M.; Molna, L.; Greiner, I. A neural network based high

; throughput screening test for CNS active compouri@smb. Chem.
exposure to nerve gas (e.g., Soman). PSA calculations High Throughput Screeningubmitted for publication.

suggest the ability of pyridostigmine to penetrate across the (sy Hansch, C.; Bjorkroth, J. P.; Leo, A. Hydrophobicity and central

blood—brain barrier (PSA~ 34 A2 log BBclark &~ —0.25), nervous system agents: On the principle of minimal hydrophobicity
whil r therm nami r h indi hat i rain in drug designJ. Pharm. Sci1987, 76, 663-687.

€ Ou. t .e Od)_/ éh .C app O;C | dégtefotzat t.S bra (6) van Bree, J. B. M. M.; De Boer, A. G.; Danhof, M.; Ginsel, L. A.;
penetration is practically impossible (log BB—10.2). Since Breimer, D. D. Characterization of an “in vitro” blood-brain barrier:
it was suggested that emotional stress, as during the Gulf  Effects of molecular size and lipophilicity on cerebrovascular endo-
War. can make the bloeebrain barrier to be permeable for thelial transport rates of drugd. Pharmacol. Exp. Therl988 247,

! 1233-1239.

t!’]IS compound, it has been.SUbJeCted to_ in-depth investiga- (7) Kaliszan, R.; Markuszewski, M. Brain/blood distribution described
tions. On the basis of the isotope studies of Lallement et by a combination of partition coefficients and molecular méss.J.

al. 3¢ no entry of pyridostigmine was detected into the CNS. Pharm. 1996 45, 9-16. _ _
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